investigated for FLS data, where the algorithm works near real-time, but the results are focused only on ship-hull inspection covering a small area.
An innovative phase correlation-based mosaicing algorithm initially introduced in (Hurtos et al., 2012) was extended and the latest results can be found in (Hurtos et al., 2014b) . Most of the work from these authors was not focused on real-time capability, but very recently the first experiments on real-time mosaicing of FLS data were presented in (Hurtos et al., 2014a) . Nonetheless, the covered area is relatively small and the sonar used is a high resolution one with relatively short range, thus the results are not as suitable for wide-area survey applications where the depth can be higher and ASVs are used.
Finally, a very interesting work on mosaicing of FLS data together with SSS data is presented in (Reed, 2011) . Although this method does not work in real time, it is very useful for wide areas. By filling the gap produced by the nadir of the SSS with FLS data, the mission time reduces considerably as less transects are needed to cover the same area without losing the nadir area. This is extremely useful for fast assessment of the area in applications such as posttsunami or other catastrophe surveys. This method was tested in a post-tsunami survey with good results, in that were found objects that would not be seen in SSS data. Unfortunately, no details about computational time are given in this article.
As described by the authors the algorithms presented in the literature are not suitable to work for a wide range of applications, or to work in real-time, or large scale areas. This has also to do with the complexity of FLS data. For a review of the most important issues and challenges that mosaicing FLS brings, the reader can refer to . The existing methods try to solve a specific problem and are not focused on the real-time constraint, using in certain cases MATLAB implementations. Our algorithm tries to be as generic as possible while maintaining the real-time constraint and working in any area of any dimension. We also georeference the mosaic so that it can be easily overlapped in a satellite map. Inspired by work done on real-time mosaicing of optical camera data (Ferreira et al., 2012) , a novel algorithm for mosaicing of FLS data in real-time is hereby presented. It can be considered for large scale areas as the results will show, but also to other applications such as Automatic Target Recognition (Ferreira et al., 2014a) . The algorithm is flexible to work with various sonars (BlueView and Reson tested thus far) and in different setups (fixed to a pier, mounted onto a moving ASV, and mounted onto a moving ROV tested thus far).
The reasons that motivate the use of FLS to mosaic large scale areas are various. First, there is a reduction of the noise and an increase in the Signal-to-Noise Ratio (SNR). This is due to the averaging effect of the mosaic. Noise is intrinsically present in these kinds of sonars due to the physics of the sensor. Backscatter is always present, and noise due to reflections coming from the water column occur independently of the stability of the platform. If the sonar is onboard an ASV, noise can increase with stronger sea states. The ASV is not overactuated and the effect of the waves can be considerable. The instability in pitch and roll can get problematic with high sea states, but even with calmer sea states, small changes in pitch mean significant changes in insonification. Indeed, inhomogeneous insonification is a natural phenomenon in acoustic camera images that one cannot eliminate in raw data. A mosaic averages over several frames with different insonifications and diminishes the effect of the insonification variability.
Second, the presence of other acoustic sensors on board can interfere with the FLS. Namely, echosounders and Doppler Velocity Loggers (DVL) working in frequencies within the operational range of the FLS are easily noticed in the raw data. Again, the averaging effect of mosaicing can mitigate this source of noise. Finally, mosaics can also help improve the contrast of the image and the definition of objects present on the seabed. That comes naturally from the fact that several images are stitched together, and therefore an object will be seen in more than one view.
The remainder of the document is organized as follows. Section 2 presents the mosaicing algorithm. Section 3 describes some of the applications used to test the algorithm. Then, Section 4 shows the results obtained for a large scale area. Finally, conclusions and future work are described in Section 5.
METHOD
The mosaicing algorithm is inspired by the one presented in (Ferreira et al., 2012) . In this work, we apply a similar mosaicing algorithm to FLS data. In (Ferreira et al., 2012) , the algorithm was purely based on optical data (with acoustic altimeters only used in the case of failure). For the FLS data used here, the algorithm can take advantage of other sensors on-board the ASV or the ROV. In (Ferreira et al., 2012) , vision-based motion estimates were used to get an initial guess of the best transformation between the actual frame and the mosaic. For FLS data, instead we use other on-board sensors of the vehicle and not the sonar itself. In particular, for the ASV case, motion estimates are available from a Differential GPS (DGPS) system and heading information is available from the same DGPS system. For the ROV case, motion and heading can come from a unit that integrates high-end inertial, DVL, and Ultra-Short Baseline sensors.
In the case of the ASV, the sonar head is mounted on a variable depth pole and has a pan-and-tilt unit that has to be considered for mosaicing purposes. As in similar work in the literature (Hurtos et al., 2012; Aykin and Negahdaripour, 2013) , the 3D point is projected onto 2D using an orthographic projection as an approximation. This approximation is valid as long as the scene relief is small when compared to the sonar range. This is true if the vertical beam width and the tilt angle are small, since cos(φ) ≈ 1 and sin(φ) ≈ 0 for small angles. In our typical missions and for the sonars tested, the tilt angle is smaller than 5
• and the beam width is 10 • , thus this assumption holds. A study on the effect of this approximation in the images registration can be found in (Johannsson et al., 2010) . Equation (1) defines the 3D coordinates in spherical coordinates (r, θ, φ), with r being the sonar's range and θ and φ the bearing and elevation angles respectively. Equation (2) presents the projected 2D point.
APPLICATIONS
The method described in Section 2 can be applied in different contexts such as chain inspection, hull inspection, target detection, obstacle avoidance and surveys. The survey of large scale areas can be an interesting application of this method. Although a survey of a large area might not require real-time capability, an algorithm that works in real-time and gives on-the-fly results can be very useful. For instance, in search and rescue operations after natural catastrophes such as a flooding, a typhoon, a tsunami or naval accidents, a rapid assessment of the area can provide critical information to the rescue teams. It is possible to cover a large area quite fast by using some FLS that have long ranges (e.g., Blueview at 450kHz -about 50m and Reson at 400kHz -about 100m) and large field of view (e.g., Blueview 130
• and Reson 128 • ). The possible drawback of performing real-time mosaicing without global optimization is that for a lawn mowing pattern mission, artifacts can occur naturally in parallel tracks in cases of high overlap of the consecutive search legs. It is worth noticing that in future work, the mission planning can take into account the area covered by the sonar in the definition of transects to avoid artifacts. The data collected and used to test the method was not acquired with that in mind.
The mosaic can be built in real-time and can be sent to an operator as it shall be seen in Section 4. This person can inspect immediately the area while the survey is being conducted without the need of waiting until the end. As the mosaics that are optimized in post-processing can take some hours to finish, this represents another important advantage of this method. Due to the flexibility of the method, one can also get partial mosaics corresponding to each parallel track. During mission planning, the operator can give start and stop geographic coordinates that correspond to a transect, avoiding artifacts and getting important information in real-time. Finally, large scale and complex environments such as marinas can be extremely helpful for proving the usefulness of the algorithm as they represent a series of situations that can occur in other environments such as structured man-made objects, unstructured objects, sandy bottoms, etc.
In a particular context of Mine Countermeasures, realtime mosaics of a large area are extremely important. Nowadays, the data collected either with SSS or FLS requires the operators' involvement for Post-Mission Analysis (PMA). This analysis is generally very time consuming and exhausting for operators that spend long hours looking at the waterfall display of the data in order to find potential mine-like objects. Nonetheless, human operators still outperform software implemented ATR algorithms due to the false-alarm rates of the algorithms. This is not desirable at all as additional search patterns are implemented to take a closer look at the computer ATR targets, increasing dramatically the overall mission time. If target recognition is performed by an operator based in real-time mosaics, both the false-alarm rate will be low and the time spent on data analysis will be considerably reduced.
RESULTS
The results presented in this section were obtained both with surface and underwater vehicles. The data were obtained by the BlueView sonar model P450-130 working at 450kHz and with 130
• Field of View (FOV) mounted onboard an ASV; and with a Reson SeaBat 7128 onboard the ROV Latis from University of Limerick. The algorithm can run at a frame rate between 1Hz and 4Hz depending on the number of mosaics saved for post-processing and data analysis (parameter configurable).
Mapping a marina
The data here presented were obtained with a BlueView P450-130 sonar that was mounted onboard the ASV Gemellina. The data were collected in Marciana Marina, a marina at the Island of Elba, during the ANT'11 trial conducted by the Centre for Maritime Research and Experimentation (CMRE), formerly known as NURC.
The full mosaic is presented in Fig 2. It is built at half the resolution of the original raw data. As it was expected, the differences between tracks are easily seen due to the lack of optimization and complex blending. The goal of the work is to show real-time useful mosaics with no need of waiting for hours of post-processing. The characteristic inhomogeneous insonification is the main reason for these artifacts. As described above, for future trials, the mission planning can be done in way that decreases overlapping while guaranteeing no gaps. Alternatively, defining starting and stopping points for the mosaicing correspondent to each transect, gives partial mosaics that can later be registered in post-processing. The dimension of the area and other quantitative data will be given in Subsection 4.3. A small area of this data set is shown in Fig. 3 together with a frame of raw data for the same area. As it can easily be seen, the mosaic improves the image contrast and gives a much better definition of the shadow. It also shows details hardly seen on the raw data such as several mooring ropes. While in the raw data sometimes it is hard to see that there is a mooring rope, in the mosaic it is very clear and identifiable.
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(a) (b) Fig. 3 . On the left, one frame of raw data. On the right, a partial mosaic of the same area.
Mapping an area for Automatic Target Recognition
Another large area was mapped with a Reson SeaBat 7128 onboard the ROV Latis from University of Limerick during the ANT'12 trials near La Spezia, Italy. This sonar has a much better resolution than BlueView and a lower level of noise. Only slight changes were needed on the side of the mosaicing algorithm due to its flexibility. One of the motivations to use FLS mosaics is the lower SNR. In this particular case, the original raw data has already a low SNR and thus the improvement is not as noticeable as for BlueView data. Nonetheless, the quality of the mosaic is still superior to the one of the raw data, and the same improvement in contrast and shadow can be seen in Fig. 4 . This mosaic is composed of 2511 frames obtained in a cross-pattern mission for Autonomous Target Recognition. In the middle of the mosaic, a cylindrical shape target can be identified with a very well defined shadow. It is important to notice that although this sonar produces higher resolution images of larger dimensions, the algorithm still works in real-time. To show that feature, a video is attached to this document. Fig. 4 . Mosaic of a cross-pattern mission. Table 2 presents the same kind of quantitative data as Table 1 for the data set obtained with the BlueView sonar and shown in Fig. 2 . For an area of 75000 m 2 covered in 42 min of mission, 4.4 GB of raw data are produced. Instead, the full mosaic can be represented with only 3.2 MB. This gives a ratio of 1375 between the raw data size and the mosaic size without any compression. Such a ratio is impressive and it is extremely important for the aforementioned scenario where an underwater vehicle builds the mosaic and sends it through acoustic messages to a surface vehicle. The same applies if a surface vehicle performs the mission and tries to exchange the data through WiFi, radio or satellite link to an aerial vehicle or on-shore control station. By reducing the amount of data and allowing the exchange of information between vehicles or between a vehicle and a control station, the mosaic can be seen as an enabler for mission replanning and PMA. A fast assessment of the covered area can be performed by an operator or an algorithm, and a new mission can be initiated to look better in a particular area of interest.
Data size reduction
CONCLUSION
This paper showed how it is possible to map a large scale area with a FLS in real-time without the need of waiting for a global optimization process. The simplicity of the method does not compromise its effectiveness and usefulness. Real-time mosaics of large areas can be very useful 
